Gram-negative bacteria produce outer-membrane vesicles (OMVs) that package genetic elements, virulence factors, and cell-to-cell communication signaling compounds. Despite their importance in many disease-related processes, how these versatile structures are formed is incompletely understood. A selfproduced secreted small molecule, the Pseudomonas quinolone signal (PQS), has been shown to initiate OMV formation in Pseudomonas aeruginosa by interacting with the outer membrane (OM) and inducing its curvature. Other bacterial species have also been shown to respond to PQS, supporting a common biophysical mechanism. Here, we conducted molecular dynamics simulations to elucidate the specific interactions between PQS and a model P. aeruginosa OM at the atomistic scale. We discovered two characteristic states of PQS interacting with the biologically relevant membrane, namely attachment to the membrane surface and insertion into the lipid A leaflet. The hydrogen bonds between PQS and the lipid A phosphates drove the PQSmembrane association. An analysis of PQS trajectory and molecular conformation revealed sequential events critical for spontaneous insertion, including probing, docking, folding, and insertion. Remarkably, PQS bent its hydrophobic side chain into a closed conformation to lower the energy barrier for penetration through the hydrophilic headgroup zone of the lipid A leaflet, which was confirmed by the potential of mean force (PMF) measurements. Attachment and insertion were simultaneously observed in the simulation with multiple PQS molecules. Our findings uncover a sequence of molecular interactions that drive PQS insertion into the bacterial OM and provide important insight into the biophysical mechanism of small molecule-induced OMV biogenesis.
only experimental techniques. In this work, we utilized molecular dynamics simulations to reveal atomistic details of the physical interactions between PQS and the P. aeruginosa OM and to discover the dynamic behavior of the PQS-membrane association.
Results
PQS has five featured functional groups as shown in Fig. 1 . They are phenyl, amine, second-position alkyl chain, third-position hydroxyl, and fourth-position carbonyl. We conducted preliminary simulations to characterize the interaction between water and PQS as well as the aggregation behavior of multiple PQS molecules. The results show that the quinolone structure ("head") of PQS is amphiphilic. In particular, carbonyl and hydroxyl are hydrophilic sites, whereas phenyl and amine are hydrophobic (see supporting information and Figs. S1 and S2 for a detailed discussion). The electrostatic potential surface in Fig. 1 , inset, shows strong electronegativity of carbonyl and hydroxyl as well as electropositivity of heterocyclic amine. These three functional groups will participate in hydrogen bond formation when interacting with the lipid A phosphates as demonstrated in the simulation results below.
The independent unrestrained simulations were conducted by placing a single PQS molecule with different initial orientations in the aqueous phase in close proximity to the surface of lipid A leaflet. The representative snapshots of these simulations are shown in Fig. 2 . During the first simulation, PQS first randomly moved in the aqueous phase above the membrane surface and attempted to establish interactions with the lipid A leaflet ("probing"). The small molecule then quickly attached to the membrane surface as shown in Fig. 2a . The head of PQS was embedded in the lipid A headgroups, whereas the hydrophobic alkyl side chain ("tail") extended into the aqueous phase. The lipid A phosphates formed hydrogen bonds (H-bonds) with the third-position hydroxyl and fourth-position carbonyl of PQS (see Fig. 2e ). This tail-up attachment was maintained in the equilibrium state (see Video S1 and the final snapshot in Fig. S3 ). The variations of the H-bond numbers and the corresponding pair number during the attachment are plotted in Fig. 3a and Fig. S4a , respectively.
Contributions from different functional groups in PQS were identified during the interaction. We found that the stable attachment formed after 200 ns was primarily attributed to the hydroxyl H-bonds, whereas the carbonyl H-bonds contributed mainly to the initial contact within the first 100 ns. The H-bonds between the PQS amine and the lipid A phosphates were observed, but their presence was sporadic.
The second unrestrained simulation showed more intriguing dynamics. Similarly, PQS probed the membrane surface under thermal fluctuations in the first 100 ns. The engagement of hydroxyl and carbonyl H-bonds facilitated the early anchoring of PQS at the lipid A surface (Fig. 2 , b and f) from 100 to 200 ns. However, PQS migrated substantially along the membrane surface with constantly varying orientation and conformation during this preliminary association, which we refer to as the "docking" stage (see Video S2). We observed spontaneous insertion of PQS into the lipid A leaflet around 200 ns, which was exclusively associated with persistent amine H-bonds (Fig. 2, c and g) . Notably, PQS moved slightly deeper into the lipid A leaflet during the last 100 ns of the simulation as depicted in Fig. 2d . The corresponding vertical displacement of PQS was about 0.2 nm. Fig. 3d shows that no H-bonds were detected afterward because of the increased donor-acceptor distance, which substantially exceeded the criterion of 0.35 nm (see the H-bond pair number in Fig. S4b ) (16). This dynamic process indicates that the amine plays a critical role in the spontaneous insertion of PQS by forming temporary H-bonds with nearby phosphates. After the insertion, strong hydrophobic forces between the lipid A acyl chains and the PQS alkyl group drive PQS to penetrate deeper to promote the contact between long hydrocarbon chains. This displacement leads to the breakage of amine H-bonds.
We further probed the dynamics of attachment and insertion of PQS in detail. The insertion depth of PQS was measured by the smallest distance between PQS atoms and inner leaflet atoms. The conformation of PQS was characterized by the head-tail angle, which is the angle between the vector pointing from carbon 2 to carbon 6 and that pointing from carbon 2 to carbon (7) 3 of the heptyl group as indicated by the arrows in Fig.  1 . Fig. 3 , b and c, show two stages of the PQS-membrane interaction in the first simulation, namely probing and attachment. The minimum distance obtained was constant, highlighting the stability of attachment. The large head-tail angle indicates that PQS adopted an open conformation. In contrast, the second simulation ( Fig. 3 , e and f) exhibited a four-stage dynamic process. In particular, PQS moved randomly in the aqueous phase from the start of simulation to 105 ns. The minimum distance took a relatively low value between 105 and 170 ns but with sporadic peaks, indicating unstable docking of PQS. More importantly, we discovered a subsequent folding stage in the 170 -198-ns interval, during which the minimum distance further decreased and the head-tail angle suddenly dropped ϳ40°. In other words, PQS bent its alkyl chain to adopt a closed, V-shaped conformation to promote its penetration through the lipid A headgroup zone. The insertion eventually occurred around 198 ns as PQS straightened the alkyl chain to align with the lipid A moiety.
The attachment stage in the first simulation and the docking stage in the second simulation exhibited similar behavior. In Figure 1 . Chemical structure of PQS. Atoms are represented in different colors: cyan for carbon, silver for hydrogen, red for oxygen, and blue for nitrogen. Selected carbon atoms are numbered for describing the molecular conformation with the parentheses indicating the one in the alkyl side chain. The inset is the molecular electrostatic potential surface of PQS obtained by quantum mechanics calculation. The color map was chosen to represent negative potential in red and positive potential in blue.
ACCELERATED COMMUNICATION: PQS interaction with bacterial OM general, PQS was ϳ1.35 nm above the phospholipid layer. Additionally, the H-bonds between PQS and the lipid A phosphates were dominated by the hydroxyl group. The thrusting of PQS into the lipid A layer can be directly perceived from the abrupt decrease in the minimum distance near 208 ns marked by the dashed red line in Fig. 3e . The folding of the alkyl chain took place right before the insertion. These results imply that the conformational transition is critical for the spontaneous insertion of PQS into the lipid A membrane leaflet.
The potential of mean force (PMF) analysis was conducted to provide quantitative evidence of the conformational dependence of the PQS-lipid A interaction. Two characteristic PMF profiles (Fig. 4a ) were obtained from two transmembrane pulling simulations with different PQS entering poses (Fig. 4, b and c), namely the closed conformation (Simulation 1, the red line) and the open conformation with the tail-up orientation (Simulation 2, the blue line). These two conformations closely resembled the characteristic conformations observed in the unrestrained simulations. The slope of the PMF curve around the center-of-mass distance of Ϫ2 reflects the total free energy change of the system when PQS penetrated the lipid A headgroup zone. The slope is clearly smaller for the simulation with PQS in the closed conformation when it was pulled through the lipid A leaflet. This indicates that PQS reduced the repulsive forces from the lipid A headgroups during insertion by minimizing the exposure of hydrophobic alkyl chain, which was achieved by folding it against the rings. To follow up, we examined the 10-ns equilibrium of selected sampling windows in the PMF analysis. A conformational transition from the closed state to the open state was confirmed (see Fig. S5 ), which is consistent with the observation in the unrestrained simulations. The opening of alkyl chain allows its insertion into the hydrophobic region of lipid A. These intriguing conformational dynamics significantly reduce the repulsion between PQS and the membrane as shown in Fig. S5d .
To further confirm the characteristic attachment and spontaneous insertion, we conducted unrestrained simulations with 10 PQS molecules initially dispersed in the solvent (Video S3). The heterocyclic rings and heptyl group in PQS are, respectively, colored in red and yellow in a-d. Functional groups in lipid A are represented in different colors: blue for phosphate, orange for 3-(acetyl amino)-3-deoxy-D-glucose, and cyan for dodecanoic acid (12:0) and 3-hydroxydecanoic acid 10:0 (3-OH). 1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine, and 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol molecules are colored in silver, lime, and mauve, respectively. The color scheme in e-g is the same as Fig. 1 with the phosphorus atom in tan. (c and f) . The top and bottom panels are, respectively, the results of the first and second unrestrained simulations. The criterion for hydrogen bond formation is a donor-acceptor distance of 0.35 nm and an angle of 30°(16).
Figure 3. The time evolution of hydrogen bond number (a and d), minimum distance between PQS and phospholipid leaflet (b and e), and head-tail angle of PQS
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In other words, we significantly increased the PQS concentration in the aqueous phase. The snapshots and the association dynamics are presented in Fig. 5 . Due to the interactions between the heterocyclic rings (see supporting information for a detailed discussion), PQS molecules were prone to aggregate in the solvent. However, assembly and disassembly of PQS aggregates was dynamic in the presence of a nearby membrane surface. We observed that one PQS quickly attached to the lipid A leaflet with the tail-up orientation around 42 ns (see Fig. 5a ), resembling the stable attachment state observed in the singlemolecule simulation. Other PQS molecules aggregated in the aqueous phase. The PQS cluster drifted along the membrane surface. Upon its interaction with the cluster, the attached PQS served as an anchor that localized the cluster as shown in Fig.  5b . At ϳ338 ns in Fig. 5d , a PQS within the localized cluster spontaneously inserted into the membrane. Compared with the single PQS system, the insertion was delayed in the presence of neighboring PQS molecules as the self-interaction among PQSs flattened individual molecules and hindered their folding. In contrast to the 28-ns folding stage in Fig. 3f , which exhibited an ϳ40°change in the head-tail angle, a shorter folding phase with a smaller angle change was observed in Fig. 5 , e and f. Interestingly, we simultaneously observed both the attached and inserted states at the end of multiple-PQS simulation in Fig. 5c .
Discussion
PQS is a self-produced small molecule known to stimulate OMV biogenesis in P. aeruginosa through a biophysical mechanism (11) (12) (13) 17) . This paradigm of small molecule-induced OMV biogenesis could easily be generalized to other species, although no other candidate small molecule has yet been discovered. Other hydrophobic secreted molecules, such as cis-⌬ 2 -11-methyl-dodecenoic acid in Stenotrophomonas maltophilia and cis-⌬ 2 -dodecenoic acid in Burkholderia cenocepacia, have been connected to OMV formation in their respective species (18) , but their effects have yet to be untangled from quorum-sensing signaling in the way they have been for PQS. Our recent work showed that exogenously added PQS induces OMV biogenesis in several Gram-negative species, and these other species also secrete OMV-inducing factors (15) , strengthening the case for widespread use of a small molecule-initiated mechanism for OMV production. It is essential, therefore, that we characterize the interactions that curvature-inducing small molecules like PQS make with the outer membrane so we can understand how they drive this process. In the work presented here, we quantitatively assessed the nature and dynamics of PQS-lipid A interactions using our recently developed model of the P. aeruginosa OM (19) and made a number of intriguing discoveries. Our analyses highlighted a critical, and previously unknown, role for hydrogen bonding through the heterocyclic amine group in PQS that allows it to penetrate into the membrane. Much weight had previously been given to the 3-hydroxyl group due to experimental evidence demonstrating that 2-heptyl-4-quinolone, identical in structure to PQS but lacking the 3-hydroxyl group, was incapable of inducing either OMV formation in P. aeruginosa (20) or curvature in membrane surrogates (11). 2-Heptyl-4-quinolone also did not interact with LPS aggregates in the same way that PQS did (13) . Our work here confirms the importance of the 3-hydroxyl group but suggests a different function from what was previously thought. Rather than forming long-term hydrogen bonds with lipid A in the OM, our analysis shows that this group primarily serves as an initiator of the PQS-OM interaction, docking the molecule in a favorable location to insert. Spontaneous insertion into the OM occurred only when the amine-phosphate hydrogen bonds were subsequently formed. Concomitant with PQS insertion into the membrane, the molecule also underwent a fascinating conformational folding that lowered the energy required to traverse the phosphate-rich region of the lipid A leaflet and facilitated engagement of the amine-phosphate hydrogen bond. We suspect that the sequence of events outlined here, docking-folding-insertion, Figure 4 . a, the potential of mean force for PQS as a function of the vertical distance from the membrane's center of mass (COM) (negative distance corresponds to a PQS position above the outer leaflet). The shaded green region roughly identifies the space occupied by the membrane. Two umbrella simulations with different initial orientations of PQS were performed. The red and blue lines represent the simulations with PQS orientation and conformation in contact with the membrane surface as in b and c, respectively.
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may not be unique to the P. aeruginosa PQS system but may serve as a template for the interaction of OMV-inducing molecules with the OM of many Gram-negative organisms. We are currently investigating small-molecule and lipid derivatives to test this hypothesis and gain insight into the variable PQS responses across species that we noted in our experimental studies (15) . Nevertheless, the discoveries in this work deliver unprecedented atomistic detail about the interactions of PQS with the OM, providing critical new insight while supporting previous physical experiments. Moreover, PQS dynamically remodels the associated membrane and can induce membrane curvature as proposed by the bilayercouple model. Future work will also characterize the membrane curvature field induced by PQS insertion to test this hypothesis.
In conclusion, our computational study discovered a closed conformation of PQS in advance of its spontaneous insertion into the lipid A leaflet of the OM, which is confirmed universally in the single-molecule and multiple-PQS systems as well as in both unrestrained and PMF pulling simulations. The results demonstrate that the folding of the alkyl side chain is the critical step that decides whether PQS successfully inserts into the membrane or just attaches on the membrane surface. The findings suggest that the conformation of the small molecule significantly influences its interaction with the bacterial OM and could break new ground for answering questions about the biochemical and biophysical nature of OMV biogenesis across multiple species.
Experimental procedures
A model OM with rough LPS chemotype of P. aeruginosa was considered in this study. The outer leaflet was constructed with penta-acylated lipid A, and the inner leaflet was a mixture of phospholipids, reproducing the physical composition of P. aeruginosa OM (19) . The asymmetric membrane was modeled by a hybrid GLYCAM-Slipids force field (FF) (1). The membrane construction is detailed in the supporting information, and the structural analysis of the membrane was reported previously (19) . To be compatible with the membrane FF, the general AMBER FF (21) was selected to simulate PQS. The partial charges of PQS were derived by the restricted electrostatic potential approach (22) using the R.E.D. tool (23) .
A PQS molecule was dispersed in water and equilibrated for 10 ns at 300 K and 1 bar before introduction to the membrane system. Unrestrained simulations of 300 -500 ns were carried out at 323 K and 1 bar with PQS initially placed at 1 nm above the lipid A leaflet. Umbrella sampling simulations were conducted for calculating PMF profiles of PQS interacting with the model membrane. The initial configurations for the umbrella sampling were obtained by vertically pulling PQS through the membrane at a rate of 0.005 nm ps Ϫ1 with a force constant of 1000 kJ mol Ϫ1 nm Ϫ2 . 79 sampling windows with a spacing of 0.2 nm were selected, and each sampling simulation was 10 ns. Total simulation time for obtaining one PMF was ϳ790 ns. All simulations were performed using the GROMACS 5.1.2 package (24 -29) . Other computational details are described in the supporting information.
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